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Abstract
Ocean acidification (OA) has the potential to restructure ecosystems due to variation in spe-
cies sensitivity to the projected changes in ocean carbon chemistry. Ecological models can
be forced with scenarios of OA to help scientists, managers, and other stakeholders under-
stand how ecosystems might change. We present a novel methodology for developing esti-
mates of species sensitivity to OA that are regionally specific, and applied the method to the
California Current ecosystem. To do so, we built a database of all published literature on the
sensitivity of temperate species to decreased pH. This database contains 393 papers on
285 species and 89 multi-species groups from temperate waters around the world.
Research on urchins and oysters and on adult life stages dominates the literature. Almost a
third of the temperate species studied to date occur in the California Current. However,
most laboratory experiments use control pH conditions that are too high to represent aver-
age current chemistry conditions in the portion of the California Current water column where
the majority of the species live. We developed estimates of sensitivity to OA for functional
groups in the ecosystem, which can represent single species or taxonomically diverse
groups of hundreds of species. We based these estimates on the amount of available evi-
dence derived from published studies on species sensitivity, how well this evidence could
inform species sensitivity in the California Current ecosystem, and the agreement of the
available evidence for a species/species group. This approach is similar to that taken by the
Intergovernmental Panel on Climate Change to characterize certainty when summarizing
scientific findings. Most functional groups (26 of 34) responded negatively to OA conditions,
but when uncertainty in sensitivity was considered, only 11 groups had relationships that
were consistently negative. Thus, incorporating certainty about the sensitivity of species
and functional groups to OA is an important part of developing robust scenarios for ecosys-
tem projections.
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Introduction
Global oceans are changing due to the anthropogenically driven increase in atmospheric car-
bon dioxide concentrations [1,2,3]. Ocean acidification, the decline in pH and calcium carbon-
ate saturation state due to increased dissolved carbon dioxide, has the potential to alter marine
ecosystems, as indicated by the fossil record [4], modeling exercises [5,6], and contemporary
laboratory and field observations. Modern day evidence from carbon dioxide (CO2) vent sites
documents community changes with increased CO2, such as a decline in calcifying species and
increase in non-calcifying, photosynthetic species [7,8,9]. In areas with upwelling of high CO2/
low pH waters, research has shown the sensitivity of the pteropod Limacina helicina and the
Pacific oyster Crassostrea gigas to current carbon chemistry conditions [10,11,12]. Given the
sensitivity of many modern species to carbonate chemistry conditions in the laboratory, espe-
cially bivalves and corals [13,14,15], we expect the effects of ocean acidification on marine spe-
cies and ecosystems to increase.

The majority of biological research related to ocean acidification focuses on direct effects on
species, mostly in laboratory experiments. However, societal questions related to ocean acidifi-
cation are much larger, scaling to concerns about food webs, ecosystems, and provisioning
from marine resources [16]. Projections of ocean acidification impacts generated with ecologi-
cal models can help develop understanding of the indirect effects of ocean acidification at large
scales [5,17,18]. The utility of the output from such projection exercises is, among other things,
dependent on how well the scenarios imposed on the model capture the direct effects of ocean
acidification. Our ability to scale from results of laboratory studies to trajectories of populations
in nature is currently limited for a variety of reasons [18,19,20]. For example, laboratory experi-
ments are typically conducted on species in isolation with altered food and other environmen-
tal conditions, and usually limited to a few weeks. Thus, all but a handful of studies (e.g.,
[21,22,23]) do not capture multi-generation processes, such as adaptation and evolution. Fur-
thermore, the published literature on species response to carbonate chemistry is small enough
that one cannot develop comprehensive scenarios of acidification for a region based only on its
native species and locally relevant current and projected future carbon chemistry treatments
[24,25], thus forcing those developing scenarios to relate studies from around the globe to their
region of interest. The limited literature on species response to carbonate chemistry also means
that modelers will not have access to OA effects on the parameters most relevant to ecological
models (e.g., survival or growth rate over an entire life stage), which requires that scenario
developers relate results reported in the literature (e.g., calcification or respiration rate, change
in gene expression) to the parameters that they can alter in the ecological model. Finally, most
ecological models simulate the dynamics of groups of aggregated species, typically referred to
as functional groups, instead of modeling each species in the ecosystem independently. Func-
tional groups are often heterogeneous taxonomically, especially lower trophic level functional
groups. The sensitivity of species in a given functional group to carbonate chemistry may vary
widely in both direction and magnitude, which highlights the challenge of characterizing the
response of a functional group as a whole.

Our goal is to calculate the direction and relative magnitude of carbonate chemistry sensitiv-
ity of marine functional groups. Here we present an approach for developing estimates of the
carbonate chemistry sensitivity of species or functional groups for use in scenarios of ocean
acidification in ecological modeling exercises and apply this approach to functional groups in
the California Current ecosystem. The aim of our approach is to summarize the weight and
consistency of evidence for pH sensitivity of biota in the California Current, doing so by bor-
rowing heavily from research in other regions on taxonomically distant species. We use this
information to create a relative survival scalar, which is a value relating a functional group’s
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survival rate parameter to the pH condition of its environment. The relative survival scalar
allows us to qualitatively rank groups in terms of their sensitivity to acidification. We focus on
the qualitative nature of pH sensitivity rather than a formal meta-analysis of quantitative
response. Although experiments show that some species are sensitive to calcium carbonate sat-
uration state rather than pH per se [26], we conducted our analysis on pH sensitivity because
pH is the parameter most commonly manipulated in published experimental studies and it
tends to correlate tightly with other biologically relevant carbonate chemistry conditions in sea-
water (e.g., carbonate saturation state and pCO2). Our approach develops a technique for
sound incorporation of information of varied relevance to the California Current ecosystem
and the ecosystem models used to study it. Furthermore, our approach explicitly addresses
uncertainty in understanding of species response to acidification.

In brief, we developed a database of all of the studies that document the response of temper-
ate species to carbonate chemistry conditions that is current to January 1, 2015. This database
includes information about the species studied, treatment conditions, the type of responses
measured (e.g., survival, respiration, etc.), the direction of response related to increased acidifi-
cation, and the relationship between directional response and population persistence. Here, we
consider population persistence as the ability to, at least, maintain abundance in succeeding
generations, through survival and reproductive success. Our approach is qualitative in nature,
but allows translation of reported results from all studies into a common quantitative currency
(population persistence) required for ecosystem modeling.

We used the database to develop estimates of species sensitivity to carbonate chemistry for
use in scenarios in an end-to-end ecosystem model of the California Current [27,28,29]. Out-
put from scenario-based, ecosystem modeling exercises can provide valuable input into ecosys-
tem and fisheries management and decision making by providing science-based estimates of
alternative futures as part of management strategy evaluations [30,31]. Due to its position at
the end of the ocean conveyer belt and in an upwelling region, the California Current is a
region particularly prone to acidification [32,33]. It is also rich in marine resources, supporting
valuable fisheries, recreation, and tourism industries [34]. Many of the region’s commercial
fisheries are potentially directly susceptible to the impacts of ocean acidification (e.g., Dunge-
ness crab (Cancer magister) [35], pink shrimp (Pandalus jordani) [36], bivalve aquaculture
[10]) and others to the indirect impacts that may ripple through the food web.

Our approach for developing estimates of carbonate chemistry sensitivity for the California
Current ecosystem model emphasizes the relevance of studies to local species and ecology. As
discussed by McElhany and Busch [24] and elsewhere, robust predictions of the effects of acidi-
fication on species require that control and treatment conditions well represent local current
and projected future conditions, ideally with fluctuations in conditions that resemble local pat-
terns in chemistry caused by tidal, diel, and other cycles. Observational studies, for instance
from CO2 vent sites with naturally acidified conditions, capture important aspects of ecological
and population-level processes that are difficult to replicate in the laboratory, yielding more
valuable information on species response in nature. Distinct from other global syntheses and
meta-analyses [13,14,15,37], for this synthesis, we use criteria related to experimental design to
weight how strongly a study informs the estimates of acidification in a particular region. For
example, a 3-month study conducted on early life stages of a species distributed in and col-
lected from the California Current that measured survival and growth in response to ecolog-
ically relevant control conditions would have more weight in the estimate than a week-long
study that measures proteomics in adults of a species found only in the Mediterranean Sea.

The methodology used to develop estimates acknowledges that the study of ocean acidifica-
tion is a young field and, thus, we are still rapidly generating basic information to describe how
and why species respond to carbonate chemistry conditions in the manner observed in the
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laboratory and in the wild [18]. Currently, the literature suggests that the response to changing
carbonate chemistry can vary among experiments conducted on a single species, sometimes by
population [38], or species that are closely related [39,40]. Until we understand what drives
species response to carbonate chemistry conditions, characterizing variation and confidence in
response is an important component of summarizing sensitivity for species or groups of spe-
cies. This challenge of accurately portraying the state of our knowledge is also faced by those
working on climate change, where it has received much attention by the Intergovernmental
Panel on Climate Change (IPCC). The IPCC has developed a formal approach for characteriz-
ing certainty in scientific findings related to evidence and agreement [41,42,43,44], and we
build off of this accepted and standardized approach in the synthesis methodology presented
here.

Materials and Methods
Database
We built a database of laboratory, mesocosm, and field studies on the response of temperate
species to carbonate chemistry conditions (S1 and S2 Databases). To search the literature, we
used ISI Web of Science and relevant keywords such as ocean acidification, pH, and different
names for various marine taxa. We used the European Project on Ocean Acidification
(EPOCA) OA blog (http://oceanacidification.wordpress.com/) and citations in published stud-
ies to find primary literature not captured in our queries of Web of Science. We included stud-
ies published or pre-released before January 1, 2015. Studies conducted in non-temperate
locations on species that exist in temperate regions were included in the database, except for
tropical, reef-forming coral species, as only cold-water corals occur in the California Current
ecosystem. Studies using HCl or NaOH only to manipulate seawater chemistry were not
included in the database because of the differences in carbon chemistry between this type of
chemistry manipulation and manipulations using carbon dioxide [45]. The database includes
two main sets of information:

• For each species included in the database, we recorded taxonomic classification, distribution,
presence/absence of calcium carbonate structures, and functional group in the California
Current Atlantis ecosystem model [27] (functional groups described below).

• For each manuscript included in the database, we recorded the 1) citation, 2) location where
study subjects were collected, 3) methodology(ies) used to create and verify carbon chemistry
treatments, 4) carbon chemistry of treatments, 5) species response to treatments (direction of
response [e.g., growth decreases as pH decreases], not raw data), and 6) assessment of how
the direction of response relates to population persistence.

Each paper in the database could have multiple studies, where a study was a particular set
of treatments applied to particular species and life stage. Each study in turn could have multiple
response metrics, where a response metric is a measure of the species performance under
treatment (e.g., survival, metabolic rate, proteomic expression). A response refers to a result
from evaluation of a particular response metric in a particular study. The response is the basic
unit for our analysis.

Summarizing sensitivity to carbonate chemistry
For this study, we considered the California Current ecosystem, and so adopted functional
groups defined by the California Current Atlantis ecosystem model ([27]; S1 Table). The
Atlantis model domain extends from Triangle Island, off the north coast of Vancouver Island,
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British Columbia Canada, to Punt Eugenia, Baja California, Mexico; the shoreline to 200 nauti-
cal miles offshore; and the surface to the ocean floor. The Atlantis model excludes inland areas
such as the Salish Sea and San Francisco Bay, but species composition in these regions overlaps
with adjacent areas of the Atlantis domain. The Atlantis model does not capture the dynamics
of exclusively inter-tidal species and communities. The functional groups used in the California
Current Atlantis model reflect the model’s initial focus on fisheries management and the lim-
ited data available for model parameterization (i.e., abundance, prey consumption). These
practical considerations led to somewhat eclectic groupings from a purely ecological or taxo-
nomic perspective (e.g., the “Humboldt squid” functional group is a single species, while the
“Large phytoplankton” functional group contains an ecologically diverse multitude of species).
We excluded birds and marine mammals from this analysis as we did not find any studies doc-
umenting direct sensitivity to carbonate chemistry (OA effects on sound propagation are
unlikely to harm marine mammals [46]). For our analysis, we created a “fish” group, which is a
combination of all 31 bony fish functional groups in the ecosystem model. We did so because
fish functional groups in this ecosystem model are highly resolved, more so than other func-
tional groups in the model, and because literature on fish’s sensitivity to carbonate chemistry
does not match the model’s level of specificity. Because multiple studies suggest that coralline
algae are sensitive to carbonate chemistry, we included them as a functional group in our analy-
sis, even though coralline algae are not a functional group in the Atlantis model.

Our basic approach was to develop a survival scalar for each functional group that charac-
terizes the relationship between survival and pH. Each survival scalar was based on a direc-
tional score and a confidence score (S1 Fig). The confidence score was composed of two
components: evidence and agreement scores. All of these terms are defined below. The evi-
dence/agreement approach to confidence was founded on the IPCC’s guidelines for character-
izing certainty in scientific findings [41,42,43,44].

The foundation for the directional, evidence, and agreement scores was the response score
(shorted to rScore). rScores are a weighted measure on a 0–1 scale of how well each response
relates to survival of a functional group in the California Current Atlantis ecosystem model.
An “ideal” response (e.g., well-conducted experiment on organisms collected in the California
Current that directly measures long-term survival, etc.) would receive an rScore of 1. Most
responses require some level of extrapolation to apply them to survival of a functional group in
the California Current model (e.g., the experiment was conducted on a related species that
does not occur in the California Current; the response metric was not immediately translatable
into survival; etc.). The rScore for each response was calculated as the average of the compo-
nent relevance values of 8 different categories of information in the database, each on a 0–1
scale: study environment, exposure duration, collection location, ability to measure population
persistence, control pH treatment, minimum experimental pH treatment, relatedness to species
in the California Current, distribution relative to the California Current, and response type.
The scoring system for converting database entries into 0–1 component relevance values is in
Table 1. Each rScore was assigned a direction to define whether exposure to high CO2 condi-
tions resulted in an increase or decrease in population persistence, had no effect on population
persistence, or if there was a more complex relationship. This complex relationship category is
a combination of several subcategories, such as a category where the sign of response to CO2

depends on a covariable. rScores in the complex relationship category were relatively rare and
were not used in the analysis. For some studies, the relationship to population persistence
could not be determined because there was no clear relationship between the response metric
and population persistence.
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Table 1. Scoring system used to define the relevance of a response to informing sensitivity of Califor-
nia Current species to changes in survival with decreased ocean pH.

Rule
type

Rule set Score

Study environment

If study took place at a natural CO2 vent site or takes advantage of a natural gradient in
CO2 conditions

1

If study took place in a laboratory on multiple species living in the same experimental
chamber

0.75

All else 0.5

Ability to measure population persistence

If the response has a known relationship to population persistence 1.0

All else 0.5

Control pH treatment

If pH treatment! 8.1 0.5

If pH treatment! 7.8, < 8.1 1.0

If pH treatment < 7.8 0.1

Minimum experimental pH treatment

If pH treatment > 7.8 0.5

If pH treatment" 7.8 1.0

Relatedness to species in the California Currenta

If species lives in the California Current 1.0

If the genus but not species lives in the California Current 0.75

If the family but not genus lives in the California Current 0.5

If the order but not family lives in the California Current 0.25

All else 0.1

Distribution in the California Current

If the species occurs in the California Current 1.0

If the species does not occur in the California Current 0.25

Collection location

If study subjects were collected in the California Current 1.0

If study subjects were collected close to the California Current 0.75

If study subjects were not collected in the California Current or if collection location is
unspecified

0.25

Response type

If study evaluates decomposition, genomic response, harmful algal bloom variables,
nitrogen fixation, proteomic response, viral shedding

0.1

If study evaluates behavior, body composition, immune function, morphology 0.2

If study evaluates acid-base balance, metabolism 0.5

If study evaluates calcification 0.8

If study evaluates development, growth, photosynthesis, reproductive rate, survival 1.0

Exposure duration

If gamete, fertilized egg, spore 1.0

If early life stage of phytoplankton

! 6 hours 1.0

< 6 hours 0.5

If early life stage of macroalgae, seagrass

! 5 days 1.0

< 5 days 0.5

If larvae/early life stage of abalone, krill, copepod, polychaete

! 6 days 1.0

< 6 days 0.5

(Continued)
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Directional score. The directional score for function group i is the net directional effect
of exposure to high CO2 as the fraction of total rScores:

directional scorei ¼ PrScoreincrease $ PrScoredecrease

where,

PrScorex ¼
P

rScorexP
rScoreincrease þ

P
rScoredecrease þ

P
rScoreno effect

Table 1. (Continued)

Rule
type

Rule set Score

If larvae/early life stage of crab

! 30 days 1.0

< 30 days 0.5

If larvae/early life stage of other invertebrates or vertebrates

! 14 days 1.0

< 14 days,! 7 days 0.66

< 7 days 0.33

If juvenile stage of macroalgae or seagrass

! 30 days 1.0

< 30 days,! 7 days 0.66

< 7 days 0.33

If juvenile stage of invertebrate

! 30 days 1.0

< 30 days,! 7 days 0.66

< 7 days 0.33

If juvenile stage of vertebrate

! 90 days 1.0

< 90 days 0.5

If adult stage of phytoplankton, bacteria, copepod

! 5 days 1.0

< 5 days 0.5

If adult stage of macroalgae, seagrass, invertebrate

! 50 days 1.0

< 50 days,! 10 days 0.66

< 10 days 0.33

If adult stage of vertebrate

! 100 days 1.0

< 100 days 0.5

If duration undefined 0.33

a. To assess relatedness of species in the database that do not occur in the California Current to species in
the California Current, we used a database of species in Puget Sound (Busch and McElhany, in preparation)
to define which genera, families, and orders exist in the California Current. Puget Sound does not contain all
of the species in the California Current domain, but was the most comprehensive regional species list
available to us. The lack of a complete domain-wide species list may have resulted in an underestimate of
the level of relatedness for some study species, particularly those from southern parts of the domain.

doi:10.1371/journal.pone.0160669.t001
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x is either the category “increase” or “decrease”, and summations are over all of the rScores for
a given functional group i.

By using rScores, the directional score gives the overall level of support for a directional
effect when responses are weighted by the information they contain relative to survival of spe-
cies in the California Current. The directional score is a continuous metric from -1 to +1, with
–1 indicating all studies supporting a decrease in population persistence with increased CO2

and +l indicating all studies supporting higher population persistence with increased CO2. A
directional score of zero indicates an equal fraction of rScores in the increasing and decreasing
population persistence categories. An increasing fraction of rScores in the no effect population
persistence category or opposing population persistence responses will cause the directional
score to tend toward zero.

Evidence score. The evidence score for functional group i is the sum of all rScores for the
functional group regardless of population persistence response category:

evidence scorei ¼
X

rScoreincrease þ
X

rScoredecrease þ
X

rScoreno effect

It is a measure of the overall amount of information available relative to the effect of CO2 on
survival of the functional group. The evidence scores can be considered a count of the total
number of responses for each functional group weighted by the relevance of the response to
survival of species in the California Current. Thus, the evidence score contains information on
both quantity and quality of available data.

Agreement score. The agreement scoremeasures similarity within a functional group in
its response to increased CO2. It is a normalized, weighted metric based on the probability of
drawing a pair of responses with the same direction from the set of functional group responses,
and is similar to diversity indices. The raw agreement score is:

raw agreement scorei ¼ aðPrScore2increase þ PrScore2decrease þ PrScore2no effectÞ
þbð2 ( PrScoreincrease ( PrScoreno effect þ 2 ( PrScoredecrease ( PrScoreno effectÞ
þcð2 ( PrScoreincrease ( PrScoredecreaseÞ

where the first term of the function is the weighted probability that two random rScores are the
same, the second term is the weighted probability that one random rScore is “no response” and
the other is either “increasing” or “decreasing”, and the third term is the weighted probability
that one random rScore is “increasing” and the other is “decreasing”. We weighted the terms
because the population persistence categories are ordered, with the “no effect” category being
between the “increase” and “decrease” categories. To capture this weighing, a is given a value
of 1 indicating high consistency, b a value of 0.5 to reflect that a “no effect” response falls
between an increase and a decrease and is of intermediate agreement, and c a value of 0 to indi-
cate the opposite responses do not agree. Values for the raw agreement score can range
between 0.5–1. To scale these from 0–1, we normalized their values:

agreement scorei ¼ ðraw agreement scorei ( 2Þ $ 1

With this normalization, if the agreement score for the function group is 1, then all rScores
are the same direction; if the agreement score for the functional group is 0.5, then the summed
rScore value for no effect is the same as for either increase or decrease responses; and if the
agreement score for the function group is 0, then the summed rScore values for increase and
decrease responses are identical.
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Survival scalar. Survival scalars describe the direction and degree to which survival is
affected by increased CO2, where the survival scalar for functional group i is:

survival scalari ¼ directional scorei ( confidence scorei

and the confidence score for the functional group is:

confidence scorei ¼ lnðevidence scoreiÞ ( agreement scorei

We ln-transform the evidence score in the confidence score equation to prevent a few func-
tional groups with very large evidence scores from dominating the normalization process.
Using the confidence score to calculate the survival scalar for a functional group directly incor-
porates measurements of certainty into the scalar.

The relative survival scalar is a normalized version of the survival scalar: the smallest sur-
vival scalar of all the functional groups was given a value of -1, and other relative survival sca-
lars were assigned as:

relative survival scalari ¼
survival scalari

jsurvival scalarminj

Estimates of CO2 sensitivity for the California Current ecosystemmodel
The relative survival scalars give relative sensitivity and direction of functional groups to car-
bonate chemistry conditions. However, they cannot be used directly as part of scenarios of
ocean acidification in the California Current Atlantis model [31], as they are not in the proper
form to input into the model. As a case study to show how the relative survival scalars could be
used to inform scenarios of ocean acidification that drive response to pH in an ecosystem
model, we developed pH survival sensitivity curves, which have pH on the x-axis and func-
tional group pH sensitivity factor on the y-axis. The pH survival sensitivity curves can be
used to modify functional group survival under scenarios of acidification, potentially by multi-
plying baseline survival in the model for a functional group by the value on the curve that cor-
responds to local pH conditions.

To generate pH survival sensitivity curves, we defined a “reference relationship” between
pH and species survival sensitivity and used the relative survival scalars to modify this reference
relationship to account for the differential effect of pH among the various functional groups
(Fig 1). We based the reference relationship on the estimated sensitivity of the most negatively
responding functional group in the model–in this case, benthic herbivorous grazers, which is
comprised of snails, abalone, sand dollars, limpets, spot prawn, and non-fishery urchins. We
chose a “hockey stick” shape for the reference relationship, which is one of a limited number of
relationship shapes the Atlantis ecosystem model can accept for pH sensitivity relationships.
To define the reference relationship, we assumed that at current average pH conditions in the
California Current over the decade from 2011–2020 (pH 8.0, Marshall et al., in review), sur-
vival would be identical to the current baseline model parameterization (i.e., OA survival sensi-
tivity factor = 1). We held this constant for all functional groups. After reviewing the published
data on response to CO2 in the database we built, we set pH 7.0 as the point at which survival
sensitivity factor of benthic herbivorous grazers reaches zero (i.e., survival of benthic herbivo-
rous grazers would drop to zero below pH 7). These two points (survival sensitivity factor of 1
at pH 8.0 and survival sensitivity factor of 0 at pH 7.0) define the reference slope of the hockey
stick function for the reference relationship (Fig 1). We assumed that survival would be slightly
higher at pH conditions higher than average because calcification and other processes can be
favored at higher pH, which corresponds to a higher calcium carbonate saturation state. We
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assumed that the maximal survival sensitivity factor would be 1.1, reflecting a maximum 10%
increase in survival under high pH conditions for all functional groups. Here, survival is a unit-
less scalar which can be translated to the time step of different ecological models, as appropri-
ate. To generate the survival response relationships for all other functional groups in the
California Current Atlantis ecosystem model, we multiplied this reference slope by the func-
tional groups’ survival scalars, allowing the curve to pivot around the average conditions point
(at pH 8.0, pH sensitivity factor = 1) with a minimum survival sensitivity factor value of zero
and a maximum survival sensitivity factor of 1.1 when pH> 8.0. Functional groups that
increase survival with increased CO2 were allowed to have sensitivity factors greater than 1.1 at
low pH to reflect potential increased productivity for these groups.

We used the confidence score to generate “high” and “low” pH sensitivity estimates to pro-
vide some uncertainty bounds on the ecosystem model output. These alternate estimates were
based on changing the pH survival sensitivity curves using the confidence score for each func-
tional group to manipulate the slope of the hockey-stick relationship. We call this slope error
and calculate it by first normalizing the confidence score of each functional group i and revers-
ing the scale so that the functional group with the greatest confidence score has a slope adjust-
ment coefficient of zero:

slope adjustment coefficienti ¼ 1$ confidence scorei
confidence scoremax

The slope error is then calculated as:

slope errori ¼ )ððs1 ( slope adjustement coefficientiÞ þ s2Þ

The s2 parameter describes the baseline slope error for the “best” functional group that has
the least error (i.e., when the slope adjustment coefficient = 0). The sum of s1 and s2 is the maxi-
mum error if a functional group had a confidence score of zero (i.e., slope adjustment coeffi-
cient = 1). For initial estimates, we tested cases where s1 and s2 were set at 0.2 and 0.3,
respectively. Slope error can be added and subtracted from the pH survival sensitivity curves to

Fig 1. Reference curve.Reference curve for the survival response of a generic functional group to pH
conditions.

doi:10.1371/journal.pone.0160669.g001
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generate high and low sensitivity estimates, respectively. This approach should be interpreted
as providing a relative assessment of curve confidence among functional groups that is suitable
for gaming scenarios with the ecosystem model. However, the approach ignores many other
potential sources of uncertainty to the pH survival sensitivity curves.

Results
Literature on carbonate chemistry sensitivity studies
The database contains 393 papers, 847 studies, and 3,158 responses on the sensitivity of temper-
ate species to carbonate chemistry conditions. Response to carbonate chemistry conditions was
characterized for 285 species and 89 multi-species groups in 220 genera, 185 families, 100
orders, and 36 classes. Seventy-five percent of these studies were done on twenty species groups,
with the greatest number of studies done on urchins and oysters (Fig 2a). The most frequently
measured response parameters were related to growth (14%) and survival (13%), though many
responses were related to body composition, metabolism, photosynthesis, and calcification
(each 11%; Fig 2b). The majority of studies used adults as study subjects (64%, Fig 2c). Juvenile
and larval life stages were also well represented as study subjects (19% and 11%, respectively).

Almost a third of the species included in the database occur in the California Current ecosys-
tem (29% native species, 2% introduced species; S2 Fig). However, a large portion of the data-
base of study species was comprised of multispecies groups and poorly studied phytoplankton
or bacteria (26%); we were unable to determine whether these species occur in the California
Current. While California Current species were well represented in the database, study subjects
collected from the California Current comprised a smaller portion of the responses (13%; S2
Fig). This result suggests that published papers on species from the California Current include
fewer response metrics (e.g., calcification, respiration rate, gene expression) than published
papers on species from other parts of the world. The number of responses for each functional
group in the Atlantis ecosystem is highly uneven, with the most numerous responses for the fol-
lowing functional groups: bivalves (17%, 12 response types), coccolithophores (11%, 10
response types), benthic herbivorous grazers (9%, 11 response types), and large phytoplankton
(9%, 11 response types; Fig 3). A major gap in the literature is the lack of any published studies
characterizing the sensitivity of 6 functional groups to carbonate chemistry (octopus, cephalo-
pod (which excludes Humboldt squid (Dosidicus gigas) and market squid (Doryteuthis opales-
cens)), large demersal sharks, miscellaneous pelagic sharks, skates and rays, black coral).

Control conditions for studies in the database reflect the global average surface pH condi-
tion of ~8.1 (mean ± SD = 8.09±0.12, median = 8.10; Fig 4a). Given that current average pH
conditions where most species live in the California Current (<100m) is lower than the global
average (pH ~8.0 fromMarshall et al., in review; see also [32,33,47]), most experiments in the
database have control conditions that are higher than appropriate for the California Current.
While some acidification treatment conditions used in experiments are too extreme to be rele-
vant to future carbon chemistry conditions in the California Current, most are in a range rele-
vant to informing species response to predicted future pH conditions in the region [33];
mean ± SD = 7.70±0.38, median = 7.76; Fig 4b).

Most studies in the database were run for longer than two weeks (median duration = 17
days), with an average study duration of over six weeks (average study duration ± standard
deviation = 44 ± 91 days; Fig 5). A handful of studies ran for a year or more.

Summarizing response to increased CO2

Directional scores for the functional groups in the California Current ecosystem model ranged
from -1.0 to 0.36 (Fig 6a, S2 Table). Most functional groups had a negative directional score
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Fig 2. Description of database content. (a) Percent of studies in the database of literature on species
sensitivity to carbonate chemistry conditions by colloquial species group. We use colloquial groups (e.g.,
urchin, fish, coral), instead of taxonomy or Atlantis functional groups, to guide groupings in Fig 2a because of
management and research interest in these groups. The top twenty groups shown here comprise 75% of the
studies in the database. Number of responses for (b) each response type and (c) life stage in the database of
literature on species response sensitivity to carbonate chemistry conditions.

doi:10.1371/journal.pone.0160669.g002
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(n = 26), indicating that studies in the database find that increased CO2 conditions have gener-
ally negative population persistence consequences for these groups. Some functional groups
had positive directional scores (microphytobenthos, small phytoplankton, microzooplankton,
macroalgae, benthic bacteria, gelatinous zooplankton, deep benthic filter feeders and seagrass),
suggesting that studies in the database find that increased CO2 conditions have generally posi-
tive population persistence consequences for far fewer groups. Those groups with positive
scores were a mix of autotrophs and heterotrophs. Three autotroph groups had negative scores
(coralline algae, coccolithophores, large phytoplankton). The Humboldt squid functional
group had a directional score of -1.0, indicating that all responses in the one study on the spe-
cies agreed that increased CO2 conditions have negative population persistence consequences
for the species in laboratory settings.

Evidence scores for the functional groups ranged from 1.55 to 332.67, reflecting a large
amount of variation in the number of responses for each functional group and how relevant
the responses are to informing survival of California Current species (Fig 6b, S2 Table). For
comparison, response number for the functional groups ranged from 2 to 487 (S2 Table). The
distribution of evidence scores was not even over its range: nine functional groups had scores
less than 10, 13 between 10–50, five between 50–100, six between 100–200, and one with a
score over 200. Bivalves and coccolithophores had the highest evidence scores and Humboldt
squid and microphytobenthos the lowest evidence scores.

Normalized agreement scores ranged between 0.1 and 1, with four functional groups falling
in the upper third of scores (0.66–1) suggesting good agreement among responses, 21 groups
in the middle third of scores (0.33–0.65) suggesting little differentiation between no effect
responses and directional responses, and nine groups in the lower third of scores (0–0.32) sug-
gesting a relative balance between increase and decrease responses (Fig 6c, S2 Table). Six of the

Fig 3. Response types for each functional group. The number of responses for each response type for each functional group.
The darker the cell, the more responses for the response type, with dark orange being 100 and bright yellow being 0.

doi:10.1371/journal.pone.0160669.g003
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nine responses in the bottom third of the scores (poor agreement in direction of response)
were autotrophs. Of the four groups in the upper third of scores (good agreement in direction
of response), two were single species squid groups and the others were pelagic bacteria and
meiobenthos.

Relative survival scalars ranged from -1.0 to 0.20. The benthic herbivorous grazers func-
tional group had the lowest raw survival scalar and was used as the reference for calculating the

Fig 4. pH conditions used in studies in database. The distribution of (a) control pH and (b) minimum experimental pH for studies
included in the database of literature on species response to ocean acidification, by functional group. Each study is indicated by a
small point, with the line being the median of the distribution, the box the 25–75% quartiles, the whiskers 1.5 times the interquartile
range [48], and the large points the outliers.

doi:10.1371/journal.pone.0160669.g004
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relative scalar. By design, the sign of scores mirrored that seen in the directional scores: 26
functional groups had negative relative survival scalars and eight had positive scalars (Fig 6d,
S2 Table). The four functional groups with the most negative scalars were: benthic herbivorous
grazers, mesozooplankton, bivalves, and pteropods. Those with the most positive scalars were:
benthic bacteria, gelatinous zooplankton, deep benthic filter feeders, and seagrass. Confidence
scores, a component of the relative survival scalars, ranged between 0.07–2.52, with 12 func-
tional groups below a score of 1, 16 between scores of 1–2, and six between scores of 2–3 (S2
Table). Higher confidence scores indicate greater evidence on species sensitivity to carbonate
chemistry and/or agreement among exiting evidence.

Estimates of pH sensitivity for the California Current ecosystemmodel
For 26 functional groups in the California Current ecosystem model, survival declined as pH
declined, and, for 8 functional groups, the opposite was true (Figs 7 and 8, S3 Fig). When slope
error was applied to and error bands drawn around the pH survival sensitivity curves, the pos-
sible slopes for 23 functional groups included a slope of zero (no effect of pH) and the possible
slopes for 11 functional groups were entirely above zero (negative effect of pH; Fig 8, S3 Fig).

Discussion
This study demonstrates a novel method for translating literature on species response to car-
bonate chemistry conditions into relationships that can be used in ecological modeling scenar-
ios. The method fully embraces uncertainty in species response due to both a lack of
knowledge and conflicting results from laboratory studies. By incorporating all available infor-
mation on temperate species sensitivity to carbonate chemistry conditions and weighting it by
its relevance to informing survival of functional groups in the California Current ecosystem,
we were able to develop estimates of pH sensitivity tailored to this region, even under data

Fig 5. Duration of studies in database. The distribution of study duration for studies included in the database of literature on
species response to ocean acidification, by functional group. Each study is indicated by a small point, with the line being the median
of the distribution, the box the 25–75% quartiles, the whiskers 1.5 times the interquartile range [48], and the large points the outliers.

doi:10.1371/journal.pone.0160669.g005
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limitation. Our focus on the relevance of studies to the estimates is a distinguishing factor
between this work and more traditional syntheses and meta-analyses. The amount of data
available to inform the sensitivity of each functional group was highly variable as was the con-
sistency in whether low pH conditions had a positive or negative affect on population persis-
tence. These evidence and agreement scores could be used to inform research priorities for
laboratory and field investigations of species sensitivity to carbonate chemistry conditions. As
expected given the prevailing tone of literature about ocean acidification, most functional

Fig 6. Scores summarizing response to increased CO2. (a) Directional, (b) evidence, and (c) agreement scores and (d) relative
survival scalar for each functional group, ordered by relative survival scalar values.

doi:10.1371/journal.pone.0160669.g006
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groups (26 of 34) responded negatively to increased CO2 conditions (e.g., negative relative sur-
vival scalar), including two autotrophic functional groups. However, when uncertainty in sen-
sitivity is considered, only 11 groups had curve distributions that were always negative,
suggesting that variation in sensitivity is an important consideration to our overall understand-
ing of the impacts of ocean acidification. We encourage others to use the database and methods
presented in this paper in other regional modeling efforts.

Fig 7. Examples of pH survival sensitivity curves. pH survival sensitivity curves for select functional groups in the California
Current ecosystemmodel, (a,b) functional groups with the most negative response to increased CO2, (c,d) functional groups closest
to the median sensitivity, and (e,f) functional groups with the most positive response to increased CO2.

doi:10.1371/journal.pone.0160669.g007
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Literature on species sensitivity to carbonate chemistry
The literature related to ocean acidification may be biased against studies finding no response
to pH [49]. We have no way to quantify such a potential bias, but the consequence for our anal-
ysis would an overestimate of the sensitivity of functional groups to pH. From this study, we
were able to identify trends in the literature, some of which may reflect specific biases. The lit-
erature on the response of temperate species suggests strong bias towards work on cultivated
shellfish species (e.g., oysters, mussels, clams) and on urchins and coccolithophores, groups
that have been the subject of extensive laboratory research for other disciplines. This bias is
constructive for efforts to help the shellfish industry adapt to ocean acidification [50] and to
understand the basic biochemical and physiological processes that define sensitivity to carbon-
ate chemistry conditions (e.g., [26,39,51]). However, the current taxonomic distribution of
studies makes it challenging to characterize potential ecosystem response to ocean acidifica-
tion, for little is known about how ecologically important species in marine food webs, like
krill, copepods, squid, forage fish, and the dominant phytoplankton groups, respond. For
example, the mesozooplankton group, which is largely copepods, had 59 responses in the pub-
lished literature, while bivalves had 493 responses. That said, studying the carbonate chemistry
sensitivity of many similar species (e.g., urchins) or many populations in a single species can
help define the range of responses in a species or species group, providing valuable information
about how to generalize results on response to acidification. The literature also shows a bias
towards research on adults, rather than early life stages. While adults are often easier to work
with in experimental settings, early life stages are likely more sensitive to ocean acidification
[52]. For this reason, the literature on species sensitivity to carbonate chemistry conditions
may not well represent the response of the most sensitive life stages, which could result in inac-
curate characterization of species sensitivity.

Fig 8. pH survival sensitivity curve slope and error. The slope and slope error for the pH survival sensitivity curves for functional
groups in the California Current ecosystemmodel for which published literature exists on species response to carbonate chemistry
conditions.

doi:10.1371/journal.pone.0160669.g008
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Studies in the literature database had varied relevance to survival of California Current spe-
cies to ocean acidification. We were surprised that almost a third of the species in the database
occur in the California Current, and expect that this result reflects the large amount of atten-
tion that the issue of ocean acidification has gotten in the region in the scientific and environ-
mental communities (e.g., [53]). However, the treatments considered representative of the
present day (e.g., “controls”) use pH conditions that are too high to well represent California
Current waters, given that pH in this region is lower than in many other areas of the ocean
[24,32,33]. This mismatch between conditions in the California Current and control treat-
ments used in most experiments of species response makes relating the results of these studies
to California Current species and ecosystems complex. It is also one of the reasons why we did
not apply standard meta-analysis techniques for summarizing species response to treatment
(i.e., calculating the effect size of treatment versus control conditions) to develop results for our
region of interest. We used a pH range of 7.8–8.1 to represent “average”, control pH levels in
the area containing the majority of species (Table 1). Given the high variability of pH in the
California Current, future analysis could be improved by defining control conditions at finer
spatial and temporal scales and relating pH conditions to habitats used by particular species or
functional groups.

The duration of experiments included in the database was longer than we expected. Experi-
ments that run for two to three weeks can capture all or a significant portion of the early life
stages of the many marine species included in the database, but represent just a fraction of the
adult life stages of the same species, the life stage on which most experiments in the database
were conducted. Thus, while experiments that last between two to six weeks (the median and
mean of studies in the database) may be able to capture processes of shock and acclimation to
increased CO2 conditions, especially for physiological processes like acid-base balance and pos-
sibly calcification, they likely will not capture the growth and survival response of adults well,
except for those species with very short life cycles. That said, results from studies that expose
species to increased CO2 conditions for a few hours to a couple of weeks do have special rele-
vance to upwelling areas, like the California Current, where upwelling winds can cause low pH
waters to invade shallow, near shore areas for time frames of similar duration (e.g., [10,54]).
Studies in the database conducted in less than a minute or an hour typically focus on very early
processes in the life cycle, such as sperm motility or egg fertilization and cleavage, where such
short time frames are likely appropriate for understanding of short-duration physiological pro-
cesses. Few studies, mostly on phytoplankton, were long enough to capture multigenerational
effects.

Synthesis of species response to carbonate chemistry conditions
Because of the relatively limited amount of information to characterize the response of all func-
tional groups in the California Current to carbonate chemistry conditions, a quantitative
approach to assigning sensitivity and response was unrealistic. The qualitative approach used
here instead emphasizes the amount of information available on each species group and the
direction and consistency of this response. We expect that the information on sensitivity to car-
bonate chemistry conditions generated from this exercise, when combined with estimates of
exposure (i.e., spatial overlap with low pH/high CO2 conditions), could be translated into risk
assessment exercises [55,56]. A related effort has applied a similar approach to four California
Current taxa to better understand their risk to ocean acidification [57]. Because our approach
to determining certainty in our understanding of species response to carbonate chemistry con-
ditions mirrors that taken by the IPCC, it should be approachable by non-scientific audiences
interested in the impacts of ocean acidification on marine ecosystems. For example, the
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evidence and agreement scores we assigned to functional groups for this project could be
mapped onto the IPCC grid diagram used to display scientific certainty, though the boundaries
used to define the limited, moderate, and robust evidence and low, medium, and high agree-
ment would need input from social scientists (Fig 9).

The relative sensitivity ranking of functional groups in this study was somewhat consistent
with previous meta-analyses, but differed in important ways. For example, of the 11 functional
groups that responded most negativity to decreasing pH (curve distributions that were always
negative), nine produce calcium carbonate structures, indicating the potentially high sensitivity
of calcifiers. The high sensitivity of calcifiers has been noted in other meta-analyses [13,14],
and there is an identifiable mechanism for their response to increased CO2 (e.g., [59]). Unlike
Wittman and Pörtner [15], we found that four of six crustacean-dominated functional groups
(mesozooplankton, crabs, Crangon shrimp, Dungeness crab) were also in this most sensitive
group. Most surprising was that the crustacean mesozooplankton group (largely copepods)
had the second highest absolute value sensitivity value. The high sensitivity was driven by the
second lowest directional score (-0.67) and the fifth highest confidence score (2.03) (S2 Table).
The directional score was based on there being twice as many negative rScores as no-effect
rScores for the group, and, unlike most functional groups, there were no responses that indi-
cated a positive effect of increased CO2. Although we do not have high confidence in the exact
rankings in the study (the slope errors overlap for the eight most sensitive species), this result
suggests the need for more study on the sensitivity of mesozooplankton. We found fish to have
only a moderate sensitivity, counter to the results in Wittman and Pörtner [15], which found
fish to have high sensitivity. Most primary producer functional groups were at the bottom of
the relative sensitivity ranking, and all but two primary producer groups (coralline algae, coc-
colithophores) had pH sensitivity curve slopes close to zero or that increased with decreasing
pH. This result provides limited support for the potential stimulatory effect of ocean acidifica-
tion on primary producers ([13,14], but see [60]). The phytoplankton groups all had pH sensi-
tivity values near zero, but with a slight indication of higher survival at low pH for small
phytoplankton, a finding generally consistent with Dutkiewicz et al. [61]. Four heterotrophic
groups had pH sensitivity curve slopes that increased with decreasing pH (microzooplankton,
benthic bacteria, gelatinous zooplankton, and deep benthic filter feeders), suggesting a poten-
tial positive impact of ocean acidification, but each had little evidence on which to base this
characterization and the mechanisms of this potential enhancement are uncertain. Our analysis
did not explicitly consider the severity of measured responses to increased CO2, only the direc-
tion, which may account for some of the differences between our results and those of other
meta-analyses.

We chose to incorporate the confidence score when calculating survival scalars to directly
incorporate measurements of certainty into the scalar. An alternative approach would have
been to use the directional score as a point estimate and the confidence score to develop
bounds around that estimate. We directly incorporated the confidence score so that functional
groups with very little data would have a lower survival scalar, tending towards no effect, and
groups with ample data could achieve larger absolute survival scalars. For example, Humboldt
squid comprise a single-species functional group in the California Current ecosystem model,
and there was one study on this species in the database, which has two responses (both nega-
tive). The Humboldt squid functional group had the largest absolute directional score (-1.0) of
all functional groups, but also the lowest evidence score (1.5). Because we accounted for the
low evidence score of this functional group when calculating its survival scalar, about a third of
the other functional groups in the model had larger absolute survival scalars than it did. In con-
trast, the bivalve functional group had a much higher evidence score than any other functional
group, but a lower directional score than many other groups because of the many “no effect”
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Fig 9. Charactering confidence in scientific findings. (a) The degree of confidence in scientific findings is defined by the
Intergovernmental Panel on Climate Change as depending on levels of evidence and agreement and their relationships to increasing
confidence. Reprinted from Field et al. [58] under a CC BY license, with permission from Cambridge University Press, original copyright
2014. (b) The evidence and agreement score for each functional group is plotted in a manner similar to (a) with hypothetical bins for levels
of evidence and agreement indicated by dotted lines. Each point is labeled with a functional group code: BB = Benthic bacteria,
BC = Carnivorous infauna, BD = Deposit feeders, BFD = Deep benthic filter feeders, BFF = Bivalves, BFS = Shallow benthic filter feeders,
BG = Benthic herbivorous grazers, BMD = Sea stars moonsnail whelk, BML = Crabs, BO = Meiobenthos, CA = Coralline algae,
COC = Coccolithophore, DOG = Spiny dogfish, DUN = Dungeness crab, FSH = Fish, HSQ = Humboldt squid, MA = Macroalgae,
MB = Microphytobenthos, MSQ =Market squid, NUR = Nearshore sea urchins, PB = Pelagic bacteria, PL = Large phytoplankton,
PS = Small phytoplankton, PSP = Pandalid shrimp, PTE = Pteropods, PWN = Crangon shrimp, SCR = Soft corals, SG = Seagrass,
SHB = Small demersal sharks, TCR = Stony corals, ZG = Gelatinous zooplankton, ZL = Large zooplankton, ZM = Mesozooplankton,
ZS = Microzooplankton.

doi:10.1371/journal.pone.0160669.g009
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results for studies on the species in this group. For this reason, it did not have the highest abso-
lute survival scalar. The group with the highest scalar, benthic herbivorous grazers, had a lower
evidence score and a similar agreement score, but a more negative directional score than the
bivalve functional group.

The study of species response to carbonate chemistry conditions is a young scientific effort,
and scientists are developing the bounds of potential responses [18], some of which are likely
to be unexpected (e.g., [62,63]). The exploratory nature of the field leads some scientists to
measure a variety of responses during their experiments, which may bias our agreement score,
resulting in the large number of functional groups that have agreement scores indicating a bal-
ance between no effect responses and directional responses. The balance of “no effect”
responses to directional responses might change in the future, but until then, syntheses that
characterize species response to ocean acidification should well capture the large number of
“no effect” results in the literature.

This project elucidates some of the current difficulties in developing scenarios of species
sensitivity to carbonate chemistry conditions for use in ecosystem modeling. Developers of this
California Current ecosystem model modified the model to make it more amenable for run-
ning scenarios of ocean acidification. For example, the model was altered to accept simple
curves of the impacts of pH on functional groups and to split out functional groups for some
groups known to be sensitive to carbonate chemistry (e.g., pteropods, coccolithophores; [27]).
Even with these changes, challenges remain with the functional groups in the model because
most lower-trophic level groups are highly aggregated and taxonomically diverse and there is
poor understanding of the proportional biomass of individual species in each group. Thus, it is
difficult to know which taxonomic group in the functional group the ocean acidification esti-
mate should resemble most. Even if we did have perfect knowledge on the composition of each
functional group in the model, we lack knowledge on the sensitivity to carbonate chemistry
conditions of many ecologically important groups, such as gelatinous species and other non-
calcifying zoo- and phytoplankton. For many lower-level trophic groups it is challenging to
know the direction of response to increased CO2 conditions, let alone the magnitude, though
this is the target for which scientists are shooting. We encourage experimentalists to choose
study subjects for carbonate chemistry sensitivity experiments based, in part, on their role and
biomass in the ecosystem, for little is currently known about many functional groups that dom-
inate biomass (e.g., large zooplankton, benthic bacteria; S4 Fig). Conversely, like most food
web models, the California Current ecosystem model has high resolution in upper trophic level
fish groups. Literature on the response of fish species to carbonate chemistry conditions is lim-
ited, and only a handful of fish species from the California Current have been evaluated. Thus,
the fish functional groups in the model are more refined than our knowledge on pH response.
To deal with this mismatch of information, in this exercise, we developed a pH survival sensi-
tivity curve for all bony fish species together. Finally, most ecological models, including the
Atlantis ecosystem model, focus more on adults and post-larval juvenile stage than very early
life stages. Explicitly incorporating the dynamics of early life stages in ecosystem models would
improve characterizations of the impacts of ocean acidification on ecosystems by allowing the
sensitivity of these stages to changing carbonate chemistry to be directly captured in scenarios.

We developed a methodology that could generate species sensitivity relationships for a
number of different model parameters, but here created estimates only for the sensitivity of
species survival due to limitations in the Atlantis ecosystem model code. For example, scoring
systems could be developed to assess the relevance of existing literature to modeling the sensi-
tivity of growth, body composition, or reproductive success to ocean acidification, and we
encourage other modelers to do so with the information provided in this paper. In addition, as
more data on species sensitivity to carbonate chemistry becomes available, it would be
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appropriate to modify the method for assigning relevance to each of the responses. For exam-
ple, future analyses could consider whether the study was pseudo-replicated [64] or could
apply a different response score to various response data (e.g., calcification, gene expression)
once its relationship to the parameter of interest (e.g., survival, growth) is clarified (Table 1).
The approach we used to translate the relative survival scalars into pH survival sensitivity
curves with errors is one of many possible options. For example, the reference relationship
could be developed using a carbonate chemistry parameter other than pH (e.g., aragonite satu-
ration state) or drawn with shapes other than the hockey stick, and uncertainty in the curve
could be captured with techniques other than the slope error estimation. We caution that
although the sensitivity curves may appear precise, we do not consider them so, and place
more weight in the relative sensitivity of functional groups than the sensitivity curve of a single
functional group.

Translating results
Translating results from short-term laboratory studies to projections of future population pro-
cesses or dynamics is a difficult exercise, and the results of such studies are rarely correct [20].
While this disconnect is a reality for ocean acidification research, there is a demand for whole
ecosystem understanding of the impacts of ocean acidification to inform management and pol-
icy options. Output from ecological modeling exercises, while lacking precision and accuracy,
is still more robust than output from qualitative, conceptual models that are made without the
assistance of vast databases of ecological and environmental information.

Our analysis focused exclusively on sensitivity to carbonate chemistry. To develop realistic
predictions of ecosystem response to future conditions, one must consider the entire suite of
changing environmental parameters, particularly climate-change driven shifts in temperature
and dissolved oxygen. These parameters often have greater effects on survival than pH [49]
and strongly co-vary with pH [65]. A critical question not addressed by our analysis (and one
for which there are only limited data to answer) is whether pH interacts in non-additive ways
with these other potential environmental stressors to affect survival.

Considerable care is needed when designing scenarios of species response to changing envi-
ronmental conditions, for output from projection efforts is highly dependent on them. The
methods for developing estimates of species sensitivity to carbonate chemistry presented in this
paper incorporate all of the currently available information on species sensitivity from laboratory
and field studies, weight the information by relevance to a single ecosystem, and incorporate
information about the amount of and agreement in available evidence. As such, the estimates
developed inherently account for certainty in our current understanding of species sensitivity.
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